The mechanism of neutrophil activation by the chemotactic peptide formyl-methionyl-leucyl-phenylalanine (FMLP) has been studied by pretreatment of human neutrophils with pertussis toxin. Upon stimulation with FMLP, the cytosolic-free calcium concentration, [Ca2j1, is increased both by stimulation of calcium influx and mobilization of cellular calcium. We have measured [Ca2+h as well as the generation of the phospholipid breakdown product inositol trisphosphate (IP3), which is thought to mediate Ca2+ mobilization. As the phosphoinositide pool in human neutrophils is difficult to prelabel with I3Hlmyoinositol, experiments were also carried out in the cultured human promyelocytic leukemia cell line HL-60 after differentiation with dimethylsulfoxide. Pertussis toxin pretreatment of both cell types inhibited FMLP stimulated membrane depolarization, exocytosis, and superoxide production in a dose-dependent manner. This toxin effect was selective for the receptor agonist, since stimulation of these parameters by two substances bypassing the transduction mechanism, the calcium ionophore ionomycin and the phorbolester phorbol myristate acetate, were unaffected.
Introduction
The mechanism of neutrophil activation by the chemotactic peptide formyl-methionyl-leucyl-phenylalanine (FMLP) has been studied by pretreatment of human neutrophils with pertussis toxin. Upon stimulation with FMLP, the cytosolic-free calcium concentration, [Ca2j1, is increased both by stimulation of calcium influx and mobilization of cellular calcium. We have measured [Ca2+h as well as the generation of the phospholipid breakdown product inositol trisphosphate (IP3), which is thought to mediate Ca2+ mobilization. As the phosphoinositide pool in human neutrophils is difficult to prelabel with I3Hlmyoinositol, experiments were also carried out in the cultured human promyelocytic leukemia cell line HL-60 after differentiation with dimethylsulfoxide.
Pertussis toxin pretreatment of both cell types inhibited FMLP stimulated membrane depolarization, exocytosis, and superoxide production in a dose-dependent manner. This toxin effect was selective for the receptor agonist, since stimulation of these parameters by two substances bypassing the transduction mechanism, the calcium ionophore ionomycin and the phorbolester phorbol myristate acetate, were unaffected.
Rises in ICa2+ji, as well as generation of IP3 in response to FMLP, were inhibited in parallel; for the inhibition of functional responses, slightly lower toxin concentrations were required. The attentuation of the ICa2+i rise was more marked in the absence of extracellular calcium, i.e., when the rise is due only to calcium mobilization.
The results provide evidence that phospholipase C stimulation by FMLP resulting in IP3 generation is involved in the signal transduction mechanism. Coupling of FMLP receptor occupancy to phospholipase C activation is sensitive to pertussis toxin, suggesting the involvement of a GTP binding protein (N protein), which has been shown to be a pertussis toxin substrate. Receivedfor publication 3 May 1985. The interaction of the chemotactic peptide formyl-methionylleucyl-phenylalanin (FMLP)' with specific cell surface receptors in neutrophils leads to a rapid rise in cytosolic-free calcium ([Ca2+] , which appears to be necessary for cellular activation (1, 2) . Two recent observations suggest that inositol trisphosphate (UP3), a product ofthe hydrolysis ofthe plasma membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (also referred to as polyphosphoinositide phosphodiesterase), acts as a second messenger: IP3 is generated within seconds after chemotactic peptide stimulation of neutrophils (3, 4) and HL-60 cells (5) without the need for a previous rise in [Ca2J]i (3); IP3 releases Ca2' from intracellular stores in neutrophils permeabilized by digitonin treatment (6) .
It remains, however, unclear how the stimulus receptor complex activates phospholipase C. Recent data in several systems suggest the involvement of nucleotide regulatory proteins, called N proteins (7) or G proteins (8) , in receptor stimulation of PIP2 breakdown (9-1 1). Bacterial toxins, namely cholera toxin and pertussis toxin, have been used in the past to investigate the role of N proteins in receptor coupling, since they modify N protein function by ADP ribosylation (8) . Pertussis toxin has been shown to impair the function of the inhibitory N protein linked to adenylate cyclase, Ni (12, 13) , and more recently it has been suggested that pertussis toxin may interfere with receptor-mediated alterations of phospholipid metabolism. In neutrophils, it has been shown that pertussis toxin interacts with the FMLP-induced rise in [Ca2+]i (14) and alters the transient decrease in PIP2 assessed by short-term labeling with 32p (15, 16) .
In the present study we directly measured the generation of the putative second messenger iP3 after long-term labeling of the phosphoinositides in human neutrophils and in the differentiated human promyelocytic leukemic cell line HL-60. Our results demonstrate that pertussis toxin blocks the FMLP-induced rise in IP3 in both cell types, and provide substantial evidence for the involvement of a pertussis toxin substrate, presumably a N protein, in the coupling of FMLP receptors to the stimulation of phospholipase C in two cell types. The concom- (3, 5) .
Incubation with pertussis toxin. 50 g of pertussis toxin were diluted in 500 Al of a buffer containing 0.1 M sodium phosphate, pH 7.0, and 0.5 M NaCl, yielding a stock concentration of 100 Ag/ml. Cells were suspended in calcium medium at a concentration of 10' cells/ml and incubated for 2 h at 37°C with the respective concentration of pertussis toxin. Control cells were incubated with the equal amount of buffer. Measurement of cytosolic-free calcium. Quin2 loading, fluorescent measurement, and calibration were performed as described previously (1).
Degranulation. 1.25 X 1O6 cells were suspended in 500 Ml of calcium medium containing 2.5 Mg cytochalasin B and warmed at 37°C for 5 min before addition of stimuli at the indicated concentration and time. Incubation was terminated by rapid cooling in ice and centrifugation (800 gfor 10 min). Enzymes and vitamin B12-binding protein were assayed in the supernatants and calculated as a percentage of control cells (cells incubated without pertussis toxin). For control cells, percentage of total cell protein released from an aliquot of the same cell suspension treated with 0.025% Triton X-100 for 5 min at 37°C is shown in the figure legend.
,B-glucuronidase and N-acetyl-,B-glucosaminidase were measured fluorimetrically with 4-methylumbelliferyl substrates (19) . The unsaturated vitamin B,2-binding protein was assayed by a slight modification of the method of Kane et al. ( 19) .
Superoxide production. Superoxide production was monitored continuously in a double beam spectrophotometer, thermostated at 37°C as previously described (20) . Data Measurement ofphosphoinositides and inositolphosphates. For the determination of stimulus-induced changes in phosphoinositides and inositol phosphates the prelabeled cells were washed by suspending twice at 370C for 10 min in RPMI medium without inositol. The cells were resuspended in calcium medium and incubated for 2 h with or without pertussis toxin. The cells were finally resuspended in calcium medium, warmed for 5 min at 370C, followed by the addition of various stimuli for the indicated time; control cells were treated in parallel with appropriate solutions. For experiments with human neutrophils and HL-60 cells, the number of cells used for each incubation condition was, respectively, 12 X 106 cells and 3 X 106 cells. Preincubation of HL-60 cells with lithium (10 mM LiCl2 for 10 min at 370C) in some experiments did not alter basal or stimulated IP3 levels. Therefore, all our experiments reported here were performed in its absence.
Incubations were terminated by addition of 10% (vol/vol) trichloroacetic acid. The samples were kept on ice 5-10 min and centrifuged. The phospholipids in the trichloroacetic acid precipitate were extracted with 5.5 ml of chloroform/methanol/HCl, 12 N (2:1:0.0075), the extracts washed three times with I ml of chloroform/methanol/HCa, 0.6 N (3:48:47), and dried under a stream of air. Phosphoinositides were analyzed by thin-layer chromatography according to Jolles et al. (22) .
The supernatant was washed three times with a fivefold excess of diethylether. The washed extract was adjusted to pH 7.5 with Tris 0.2 M and inositol phosphates separated by stepwise elution from Dowex (formate) columns as described (23) . Radioactivity in the fractions was determined by liquid scintillation counting with 67% (vol/vol) aquasol. The inositol trisphosphate fraction may have included both the active calcium-mobilizing isomer 1,4,5 and the isomer 1,J,4. No attempt has been performed to distinguish between these two possibilities.
Results
Human neutrophils Functional studies. Because of quantitative differences of the effects of pertussis toxin on neutrophils from different donors, the results presented here were all obtained from cells of the same donor in order to allow quantitative correlation among various functions. All parameters were qualitatively reproduced in cells from two additional donors.
In Fig. I values after preincubation with 30, 100, and 250 ng/ml of pertussis toxin, respectively. FMLP-induced superoxide production was 9±9% ofcontrol (without pertussis toxin) values after preincubation with 30 ng/ ml, and was completely abolished after preincubation with 100 and 250 ng/ml of pertussis toxin.
Changes in the average membrane potential of human neutrophils were assessed with the fluorescent probe Di-O-CO(3) (21) .
As is shown in Fig. 2 Intracellular signals. Human neutrophils loaded with the fluorescent calcium indicator quin2 were used to assess the FMLP-induced calcium transients in neutrophils preincubated with increasing concentrations of pertussis toxin. In calcium containing medium the calcium transients are inhibited by increasing concentrations ofpertussis toxin. To elucidate, whether this inhibition is due to an effect on calcium influx or mobilization from cellular stores, the experiments were repeated in calcium-free medium. In the latter condition, [Ca2+]i rises reflect release from internal stores, since calcium influx is negligible. In calcium-free medium, the FMLP effect was attenuated at lower pertussis toxin concentrations than in the presence of calcium (Fig. 3) . In contrast, the rises in [Ca2+]i induced by the calcium ionophore ionomycin, which equilibrates Ca2+ along the electrochemical gradients, were unaffected by pretreatment of cells with pertussis toxin (data not shown).
Extensive experimental evidence indicates that IP3 is a second messenger, which exerts its action by releasing calcium from internal stores in a wide variety of cells, including phagocytes (6, 24, 25) . We therefore measured the production of IP3 and its products ofdegradation inositol bisphophate (IP2) and inositol monophosphate (IPI), upon stimulation with 1 gM FMLP in cells incubated without and with a maximally inhibitory dose of pertussis toxin (250 ng/ml). As IP3 is generated from the phospholipid PIP2, and changes in the level ofthis phospholipid might be an important reason for changes in the receptor-mediated production of IP3, we also measured the levels of PIP2 and its precursors phosphatidylinositol 4-phosphate (PIP,) and phosphatidylinositol (PI). In Table I (Fig. 4 A) . Superoxide production in HL-60 cells in response to 100 nM PMA is unchanged by increasing concentrations of pertussis toxin, whereas superoxide production in response to 1 MM FMLP is markedly reduced at 30 ng/ml and is completely abolished at 100 and 250 ng/ml (Fig. 4 B) .
Intracellular signals. In Fig. 5, left (27, 28) . Our data suggest an inhibition of the receptor-mediated phospholipase C activation by pertussis toxin. What could be the molecular mechanism of this event? A direct effect of pertussis toxin on phospholipase C is possible, however there is no positive evidence for this. The most likely site of action is the known substrate of pertussis toxin, an N protein. Several lines of evidence suggest this: (a) N proteins are guanosine-triphosphate (GTP)-dependent proteins, and GTP has been shown to influence the affinity of chemotactic peptide receptors of neutrophils (29) and the stimulus-response coupling in mast cells (10); (b) the phospholipase C of human neutrophil plasma membranes can be activated simply by adding GTP analogues (1 1); (c) the role of GTP-dependent proteins in the signal transduction from the stimulusreceptor complex to the catalytic unit of the adenylate cyclase is well known (7, 8) ; (d) an N protein that can be ADP-ribosylated by pertussis toxin has been demonstrated in neutrophil plasma membranes (27, 28) ; and (e) nicotinamide, an inhibitor ofADPribosyltransferase, attenuates the effect of pertussis toxin on neutrophils (27) .
However, this effect ofpertussis toxin appears to be a selective event which does not inhibit all calcium mobilizing receptor agonists. Whereas these agonists are inhibited in neutrophils, HL-60 cells, and mast cells, the calcium mobilization by the carbamylcholine receptor of the insulin secreting cell line RINmF5 and the thyrotropin releasing hormone receptor ofthe pituitary cell line GH3, for instance, are not inhibited even by high doses (up to 1 gg/ml) of pertussis toxin (Wollheim C. B., and W. Schlegel, unpublished data), although both receptor types are thought to work by phospholipase C activation, IP3 production, and consecutive calcium rise, just as the FMLP-receptor of human neutrophils (25) , and in beta cells and GH3 cells, an N protein that can be ADP-ribosylated by pertussis toxin has been demonstrated in the plasma membrane (30, 31) . Interestingly, in human neutrophils, the concanavalin A-induced rise in [Ca2+]i is not inhibited by pertussis toxin (15) . Taken together, these findings suggest the existence of differences in transduction mechanisms between calcium mobilizing agonists.
Since submission of this manuscript, it has been reported that pertussis toxin inhibits exocytosis and IP3 formation in response to FMLP and LTB4 in rabbit neutrophils and HL-60 cells (32) (33) (34) .
